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Abstract 

As the data from space missions and laboratories improve, a research domain combining 
plasmas and charged dust is gaining in prominence. Our solar system provides many natural 
laboratories such as planetary rings, comet comae and tails, ejecta clouds around moons 
and asteroids, and Earth's noctilucent clouds for which to closely study plasma-embedded 
cosmic dust. One natural laboratory to study electromagnetically-controlled cosmic dust 
has been provided by the Jovian dust streams and the data from the instruments which 
were on board the Galileo spacecraft. Given the prodigious quantity of dust poured into the 
Jovian magnetosphere by Io and its volcanoes resulting in the dust streams, the possibility 
of dusty plasma conditions exist. This paper characterizes the main parameters for those 
interested in studying dust embedded in a plasma with a focus on the Jupiter environment. 
I show how to distinguish between dust-in-plasma and dusty-plasma and how the Havnes 
parameter P can be used to support or negate the possibility of collective behavior of the 
dusty plasma. The result of applying these tools to the Jovian dust streams reveals mostly 
dust-in-plasma behavior. In the orbits displaying the highest dust stream fluxes, portions of 
orbits E4, G7, G8, C21 satisfy the minimum requirements for a dusty plasma. However, the 
P parameter demonstrates that these mild dusty plasma conditions do not lead to collective 
behavior of the dust stream particles. 

Key words: charged dust, Jovian dust streams, dusty plasma, Jovian magnetosphere, 
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1 Introduction 



As the data from space missions and laboratories improve, a research domain com- 
bining plasmas and charged dust is gaining in prominence. Our universe is com- 
prised of 99% plasma, and cosmic dust is ubiquitous, yet a discussion of the in- 
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terplay between the two is often missing from the astrophysics textbooks. Our so- 
lar system provides many natural laboratories such as planetary rings, comet co- 
mae and tails, ejecta clouds around moons and asteroids, and Earth's noctilucent 
clouds for which to closely study plasma-embedded cosmic dust. After the Voyager 
spacecraft(s) left the giant planets, and the spacecraft flotilla studying comet Hal- 
ley went their own way too, one space laboratory for studying dust-embedded-in- 
plasma appeared upon the arrival of the Galileo spacecraft into the Jupiter magneto- 
sphere. The spacecraft carried an impact ionization dust instrument (Dust Detector 
Subsystem or DDS) to sample in-situ the dust particles, and, combined with the 
plasma instruments, an eight-year (1996-2003) mission, and a strong dust source 
of the moon Io, from which m aterial escapes at an approximate rate of 1 ton sec -1 
( Spe ncer and Schneidei , 1996f) . the potential to study dusty plasmas was enormous. 



This paper characterizes the main parameters for those interested in studying dust 
embedded in a plasma with a focus on the Jupiter environment. I start with mathe- 
matical descriptions to aid one in distinguishing between different dust-in-plasma 
regimes, I apply these terms for the Jovian dust streams in order to identify in which 
regions of the Jovian magnetosphere I might see collective dust particle behavior, 
and then I apply these parameters. This Jovian dust data comprises one population 
of several different Jovian populations. The Jovian dust streams are high-rate bursts 
of fast (at least 250 km-sec -1 ) submicro n- sized part i cles fr om Jupiter's moon Io, 
in particular, dust from Io's volcanoes dGraps et all 120001) . The plasma parame- 
ters used in the subsequent tables were mostly derived from a model of the Jovian 
plasma. 

To describe the dust particles' physical behavior, one must identify the involved 
forces. The intermediate force range between gravitationally-dominated dust stream 
particles and electrodynamically-dominated ions and electrons is the regime where 
dust particles lie. Charged cosmic dust dynamics brings both forces into play: par- 
ticles typically micron-sized and larger are dominated by gravity, while submicron- 
sized particles are progressively dominated by electromagnetism (the Lorentz force), 
as their sizes decrease. In order to quantify possible collective effects, I must char- 
acterize both the Jovian plasma and the dust streams particles, deriving their inter- 
particle distances, energies, and dynamics. 

In dust-plus-plasma mixtures, there are three characteristic length scales: 1) the 
dust grain size a, the 2) the plasma Debye length X D , and 3) an average intergrain 
distance d, which is equal to the dust number density n d by n d d 3 = 1. In order to 
determine whether collective processes are important, I use these length scales to 
compare plasma-plus -dust regimes and for additional information, I cal culate the 
Havnes parameter P ( Verheest . 200d: Goertzl 19891: lllavnes et al" . 19871) . which is 



the ratio of dust charge density to the electron charge density, given by Z d n d /n e , 
where n e is the electron density and Z d is the dust particle charge number |Q| /e) 
for the same conditions. 

The Debye screening length, \d provides our first indication whether collective 
processes might be important. The Debye length is the distance over which the 
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Coulomb field of an arbitrary charge in the plasma is shielded. If the mean sepa- 
ration between the dust particles in the plasma d is smaller than the Debye length, 
then neighboring charged dust particles are not shielded and is olated from each 
other, and they begin to act like a solid dielectric (lCravensL ll997. pg. 35). 

Proceeding further to characterize collective processes. In the dust-plus-plasma 



mixtu re, I can have two regimes depending on the concentration of the dust grains: (Ver heest , 
2000, Pg. 5-6) 



' Dust-in-Plasma ' : If a <C X D < d, then I have a plasma containing isolated 
screened dust grains and can treat the dust from a particle dynamics point of 
view. 

'Dusty Plasma': If a <C d < \d, then collective effects of the charged dust can 
be relevant. 

Verheest (|2000l) describes the complex charging of dust in a dusty plasma. If the 



dust density in the plasma is increased, with an inverse effect on the average dis- 
tance d between the grains, the equilibrium charge on the p articles decreases dra- 
matic ally, and two effects play a role in opposite directions ( Verhees l l2000l: iGoertzL 
1989): grain capacitance increases, and each grain does not have to become so neg- 



ative (or positive), in order to equalize the ion (or electron) currents to its surface. 

The Jupiter's plasma discussed here, and in my dust stream dynamics calculations 
is a fit by M. Hora nyi to the Voyager 1 and 2 cold plasma measurements described 
in iBagenal (1989). Horanyi assumed a constant mixing ratio of 1:2 of singularly 
ionized oxygen to sulphur ions. The plasma is quasi-neutral, i.e. = n e . I selected 
particular locations: 6.2, 8, 10, 15, 20, 30 Rj (Rj = radial distance 71492 km from 
the center of Jupiter) and present them in Table 1 . These particular locations, and Table 1 
temperatures (T e and T i; respectively), electron density (n e ), and average ion mass 
numbers (avim in a.m.u.) will be used again in subsequent tables. 

In the following text, I provide equations (SI units) for the individual particle (elec- 
trons, ions, dust particles) motions of the dust-plus-plasma, for bulk motions of the 
plasma, and tables of the values for the plasma model. 



2 Single Particle Motion 



In a constant magnetic vertical field B z , the motion of an individual, charged par- 
ticle (electron, ion, tiny dust particle) is a helix of constant pitch around magnetic 
field lines. For this particle, the vertical velocity compon ent v z is unaffected by B, 
while the rotational velocity component: v e (=\Jv% + v%), is constant and gives the 
circular motion about the center of the orbit. Then: 

gveB = m ^ V ° , R g = m ^f d . (1) 
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where q is the charge of the particle, Vg (=y v I + v%) is the rotational velocity com- 
ponent, m^e d is its mass (where the subscript refers to either ions, electrons or dust 
particles), and R g is its gyroscopic radius. The gyroscopic radius can be associated 
with the temperature T of the particle by using the thermal kinetic energy. Since v z 
is unaffected by B, the rotational velocity is: 



2k B T 



(2) 



where k B is the Boltzmann constant. Then the root-mean-squared gyroscopic radius 
in terms of temperature is: 



R g = -^^2m {i ^ d) k B T . (3) 

Note that the thermal energy of the particle becomes a part of two constants of the 
motion: the total (vertical and rotational) kinetic energy |(rra?), and the magnetic 
moment: (l/2)(mvj) / B, since v z , v$ and the mass of the particle is constant. The 



vertical velocity and hence its motion enters via v z = J(2/m) (W — $), where W 
equals the total energy and $ is the potential energy. An exploration of the transfer 
of v ertical kinetic energy in the context of charged particles trapped in a drift tube 



is in 



Graps (1991). 



Another useful expression for the gyroradius is in terms of the gyrofrequency (also 
called cyclotron frequency or Larmor frequency): 



Ra 



n 



(i,e,d) 



(4) 



where the magn itude of the gyrofrequency f2 for ions, electrons and dust in SI units 
( CravensL[l997i pg. 44) is: 



n ie(i = (radians — s 1 ). (5) 

m (i,e,d) 

For these purposes, I can consider a dipole for Jupiter's magnetic field, B = B (Rj/r) 3 , 
where B = 4.28 G is the field strength at the equator at Jupiter's surface (Rj), and 
r = the radial distance from the center of Jupiter. 

In Table 2, 1 list ion, electron and electron velocities, and dust sizes, charges, ve- 
locities (average: (v) = ve), or speeds for the single particles. For the ions and 
electrons, the velocities were calculated from the thermal kinetic energy (Eqn. 2), 
given the masses (rrii, m e ) and the ion and electron temperatures (Tj, T e ) listed in 
Table 1 . These same parameters for the dust particles were gained by a different Table 2 
method. 

The Galileo DDS did not measure the dust particle charge directly, but measured, 
instead, an impact plasma that depended on the particle's velocity and mass, upon 
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which laboratory calibrations were applied. Therefore, for the dust particles ' sizes, 
charges, and velocities, I relied on the dust streams model in GraDS (2001) to de- 
termine these properties indirectly . Inves t igators since 1995 dGrunetal.Lll996allbl 



1 19971: iHoranvi et ail 1 19971 : iGrapsL l200ll: iKriiger et all 120031) . have best matched 



the fluxes or dynamics of the Jovian dust streams with a (seven free parameters) 
model that includes electron and ion collection currents as well as photoelectron 
emission and secondary electron emission currents. These currents were integrated 
to determine the particle's charge simultaneously with the particle's dynamics. 
To generate average particle properties throughout the Jovian magnetosphere, I 
launched 287200 trajectories at Keplerian speeds from a ring just outside Io's or- 
bit at 6.2 Rj, and stopped the simulation after fifteen hours of dust particle travel 
time. The particles that remained inside of the magnetosphere, I then considered 
to be representative for many parameters of interest (with the exception of number 
density) of the general population of Jovian dust stream particles within 50 -Rj. For 
each dust particle trajectory, I choose randomly between a minimum and maximum 
value for the free parameters: 1) spherical particle density and radius, 2) radiation 
pressure scattering coefficient, 3) photoelectric yield for the photoelectron emis- 
sion current and the energy (Maxwellian) distribution of photoelectrons released 
from grain when a photon impacts onto the dust particle, 4) maximum yield of sec- 
ondary electrons released by a high energy impacting electron or ion, and 5) orbital 
phase, 6) magnetic field orientation, and 7) initial dust charge. Figure 1 displays the Figure 1 
simulation output for the dust particles' charge potential, radii, and speeds. Then 
to calculate the averages seen in Table 2, I sliced (± 0.1 Rj) through the radial 
locations: 6.2, 8, 10, 15, 20, and 30 Rj. for the particles' sizes, charges and speeds. 

In Table 3, 1 list gyrofrequencies calculated from Eqn. (5), which includes a con- Table 3 
stant magnetic field, and gyroradii calculated from Eqn. (4) for ion, electron, and 
dust particles. 



3 Towards Collective Particle Motions 



Collective interactions occur when self-generated fields of the particles t ake oy er a 
correlative role in scattering the electrons dBaumjohann and Treumannl 1 19971 Pg. 
72). The Debye screening length provides our first indication of whether collective 
processes might be important. Finding Debye lengths comparable to the spatial 
scales doesn't firmly establish a collective plasma effect since it involves interac- 
tions between individual particles and not between large groups of particles in the 
plasma or the plasma as a whole. However, under the presence of collisions, the 
particles might already behave differently from what would be expected when us- 
ing a single particle scenario. The vacuum Coulomb force is long range, but in a 
plasma, this force only exten ds a Debye leng th from the source, as a consequence 
of the Debye shielding cloud dCravensl ll997. Pg. 37). Although on small scales, a 
plasma in thermal equilibrium can have significant departures from charge neutral- 
ity (n e 7^ rii), for long spatial scales, an equilibrium plasma must maintain charge 
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neutrality, (quasi-neutrality.) 

The size of the Debye length (i.e. shielding cloud) increases as the electron tem- 
perature increases because electrons with greater kinetic energy are better able to 
overcome the Coulomb attraction associated with the potential (in the vicinity of 
the test charge). On the other hand, the value Ad is smaller for a denser plasma be- 
cause more electrons are available to populate the shielding cloud. (And note that 
the density variation is greater when the electron gas is cold than when the gas is 
hot). 



The Debye length for electrons is defined as (Cr avensL ll997. Pg. 37) : 



\n = J e -^ (SI) (6) 

If I determine that collective effects in a plasma are possible, then a plasma motion 
that I want to identify is Langmuir oscillations. Langmuir oscillations lead to an os- 
cill ation frequency in a fully ionized plasma called the electron plasma frequency 
u e feaumjohann and Tre umann , 19971 Pg. 3). If the quasi-neutrality of the plasma 
is disturbed by some external force, then, because the electrons are much more mo- 
bile than the heavier ions, they are accelerated in an attempt to restore the charge 
neutrality. Due to their inertia, they will move back and forth around some equi- 
librium position, resulting in fast collective oscillations around the more massive 
ions. Note that the electron plasma frequency here, refers to a plasma oscillation, 
rather than to a propagating wav e. The definition of the ion plasma frequency and 
the electron plasma frequency is (lCravensL ll997. Pg. 94-97): 



u e = \ uji = W u p = \lojj + uf uj d = W (7) 

V e m e V e mi v V e Q m d 

However, the electron plasma frequency dominates the total plasma frequency be- 
cause mi » m e , therefore: uj p rs uj e . Table 4 gives Debye lengths (Eqn. 6) and Table 4 
frequencies (Eqn. 7) for electron/ion tu p plasma oscillations, and the equivalent dust 
plasma frequency uj d . For the latter, I invoke a dust particle mass density 1500 kg- 
m~ 3 , spherical particle of average radii a seen in the middle panel of Fig. 1 , a Jovian 
streams nu mber density rid, va lid for distance 6 Rj - 2 AU, ranging from 10~ 3 - 

10~ 8 m~ 3 (Krug er et alll2004 Table 10.1). Since n d d 3 = 1, then the intergrain 

/ i \i/ 3 

distance d of the dust streams particles, d = l^-J , ranges from 10 - 500 m. 

Now I can check 'Dust-in-Plasma': a< A fl < dand 'Dusty Plasma': a <^ d < X D . 
From the Debye lengths in Table 4, I see that collective effects might be relevant 
in the magneto spheric region starting from roughly 10-15 Rj, where the intergrain 
distance d is about 10 m and the Debye length is 10 m. In other words, outward 
from 10-15 Rj, in the Jovian magnetosphere, it is possible that I have a "dusty 
plasma", rather than a "dust-in-plasma", therefore more complex frequencies and 
waves might be seen here. 
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For more refined checks, I examine selected Galileo orbits which show higher quan- 
tities of dust present, in order to check dusty plasma conditions. Table 5 shows Table 5 
seven Galileo orbits: E4, G7, G8, Ell, E15, C21, G28, which were chosen from 
the 1996-2003 mission because they demonstrated a high number of impacts plus 
a high mean dust impact rate. The fluxes which determined the intergrain distance 
(of) were average fluxes in which the s ensitivity and v iewing geometry of the dust 
detector were accounted, provided bv lKriigeii d2005l) . The speeds for each loca- 
tion at each Galileo encounter were average speeds calculated via the simulation 
described in the previous section, and seen in the bottom panel of Fig. 1. The * 
denotes regions where d < X D , i.e., of possible dusty plasma conditions. 



4 Havnes Parameter P of a Dust Particle Embedded in Jupiter's Plasma 

The dimensionless parameter P emerged from the simultaneous solution for the 
surface potential of an ensemble of grains and the potential of the Maxwellian 
energy-distributed plasma in which the grains were immersed; given ion and col- 
lection currents to the grains from the plasma, as well as photoelectron currents, 
and assuming that the sum of the charging currents to the dust grain was zero. The 
solutions for the relative dust potential (U — V r )q P J{knT) and the plasma potential 
(V p q e ) j (k B T) only depend on the parameter (Ha vnes et al 

P = -^n d k B T (8) 

where e D = the permittivity of free space (8.854 x 10~ 12 C 2 -N _1 -m~ 2 ), a = the 
dust grain radius (m), rid = dust number density (m~ 3 ), k B = the Boltzman constant 
(1.381 x 10~ 23 J-Kr 1 ), T is the plasma temperature (K) (Table 1), q e is the charge 
on the electron (1.602 x 10~ 19 C), and n e is the plasma density (m~ 3 ) (Table 1). 

The lHavnes et al. ( 1990l Fig. 1) solutions represent a general scenario of a distribu- 



tion of dust particle sizes while in plasmas of different composition. The scenario 
assumes equilibrium dust potentials and does not include secondary electron emis- 
sion currents. Earlier works by Havnes and colleagues considered more idealized 
assumptions for dust cloud geometry, dust particle sizes, and plasma energy distri- 



;y aistn- 
3C989) 



butions, and note that the definition for P in the earlier works such as lGoert2 
must multiply P by Ane /q e in order to match Eqn. (8). 

The solutions from Havnes' work do not fit perfectly the charging and dynamics 
of the Jovian dust streams for several reasons: 1) the secondary electron emission 
is an important charging pro cess for the dust stre am particles, especially in the in- 
ner Jovian magnetosphere faoranvi et all 1 19971). and 2) the du st stream particles 



do not have a unique equilibrium potential; Meyer- Vernet ( 1982) demonstrated that 



the equilibrium potential from secondary electron emission currents may have mul- 
tiple roots. Moreover, an equilibrium potential is often not reached for the smallest 
Jovian dust stream particles, where, for example, a 10 nm sized particle needs 1-5 
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hours to reach equilibrium potential within the Jovian magnetosphere, which is a 
significant part of the travel time for an escaping particle Grapsl ( 2001 ). 



Nevertheless, the potential solutions and parameter should be reliable 'enough' in- 
dicators of dusty plasma conditions. In Table 6, 1 calculate P for the same specific Table 6 
locations in Jupiter's magnetosphere as Table 5, considering temperature T = T e , 
given a dust number density rid = (l/cf)^/ 3 ) from the intergrain distances d in Ta- 
ble 5, and applying the average sizes for each location at each Galileo encounter 
that were calculated via the simulation described previously, and seen in the middle 
panel of Fig. 1. 

When the Havnes parameter P is very small, then the grain potential U approaches 
the Spitzer single-grain value of -2.51 k B T e /q e , and the plasma potential V p is zero. 
Then the grain can be treated as a test particle and the grain's charge has a neg- 
ligible effect on the p lasma environment, and on the electric and magnetic fields 



( Horanvi et all 12004). 

The tiny P values in Table 6 indicate no dusty plasma conditions, given the present 
inputs to the Eqn. (8). The discrepancy between the two methods requires a discus- 



sion. 



5 Discussion 



The minimum requirement for collective effects is the same requirement and ex- 
pression for the existence of a plasma, where many particles are contained within 
a Debye sphere (to apply statistics), and for each volume element, the plasma is 
electrically neutral, but now we are substituting dust particles for (ions, electrons): 
(An / 3)ndX% (note added in proof). The m i nimu m requirement can be expressed 



via a ratio of d/Xp = k, in iBarkan et all (Il994l) 's notation, where « should be 



< 1. Several locations in some of the Galileo spacecraft orbits satisfy the mini- 
mum requirement of a dusty plasma, but the conditions do not satisfy the necessary 
conditions for collective behavior. 

A comparison of the energies of the dust streams and the plasma in which they 
are embedded point to the main difficulty of the Jovian dust streams displaying 
collective behavior (note added in proof). The plasma kinetic energies are in the 
tens to approximately one hundred eV, while the high energies of the dust streams 
are in the range of a few to hundreds of MeV. 

The parameter P is a more sensitive measure of collective behavior by giving the 
ratio for the charges on the dust compared to the elec trons in the plasma. The poten- 
tial solutions as a function of P (Hav nes et al. . 1990l Fig. 1) illustrate that collective 



effects of the dust ensemble occur when the parameter P ~ 1, which is when the 
derivative with respect to P for the relative plasma potential caused by the dust, is 
at a maximum (note added in proof). At this P, local electric potential differences 
of order (fcgT /q e ) V can be generated by dust density irregularities. If P is less 
than one, then the maximum potential difference in the dusty plasma is smaller too 
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( Goertzi H9891 lHavnes et all [l990). ' Therefore, if we have maximum collective ef- 
fects, P ~ 1, then the maximum electrostatic potential difference from the plasma 
given a typical temperature listed in Table 1, 5 eV, is: [U — V p ] (k B T/q e ) = 5 V. 
Since our calculated P is about 10 10 smaller than that, and likely smaller within 
any possible dust density irregularities, the true potential differences will be likely 
very much smaller than 5 V. 



It is useful to vary the dust and plasma number density contained in P and see 
the physical effects. If the conditions for dust favor collective behavior, then if the 
dust number density is decreas ed, the grain ch arges decrease. Here two effects play 
a role in opposite directions dVerheestL l2000l Pg. 28): 1) the capacitance of the 
grains increases, and 2) the mean charge for each grain decreases compared to the 
equilibrium charge of a single grain. Therefore, an increase in dust density means 
that the grain ensemble has a larger appetite for electrons, but that the number of 
available electrons per grain decreases. 



If the dust number density remains fixed, then from n d Q ~ n e q e for maximum 
collective conditions, if the dust charge density n d Q decreases, then the plasma 
number density n e should decrease (and therefore, \ D increases), as well. I follow 
with a quantitative example. 



The ratio k (which gives the minimum requirement for a dusty plasma) can trace 
collective effects if properly compared to the number of charges on the grain Z d = 
Q/q e .l calculated Z d via the indirect measurement of Q = (U}ATce (a), where (U) 
and (a) are the average potentials and sizes (output from the dust stream model, 
Fig. 1, as described previously). The ratio n, which compares the measured inter- 
particle distance d to the plasma Debye length \ D , was calculated for each of the 
seven Galileo orbits at the same six locations, and I show them both in Table 7. In Table 7 
addition, I mark with an asterisk the same locations where the minimum require- 
ment for dusty plasma conditions (k < 1) is satisfied. 



The values in the table do not correlate the decrease of plasma density with dust 
charge. Two good locations in which to compare is between 6.2 Rj and 15 Rj, 
where the plasma density n e decreases drastically. In orbits E4, G8, and G28, the 
dust number density n d is roughly constant at 6.2 i?j and 15 and the ratios for 
k decreases. Yet Z d increases, not decreases, as it should if there existed collective 
behavior. Moreover, a charge increase appeared in a region: 20 Rj in orbit G8, 
where a comparison of Debye length and interparticle distance showed possible 
dusty plasma conditions. Therefore, while it is useful to know the locations in space 
and time for the minimum (k) requirements of possible dusty plasma conditions, P 
can still be small. To have collective behavior the conditions must be additionally 
supported by the parameter P closer to unity. 
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6 Conclusions and Future Directions 



A natural laboratory to study electromagnetically-controlled cosmic dust has been 
provided by the Jovian dust streams and the data from the instruments which were 
on board the Galileo spacecraft. Given the prodigious quantity of dust poured into 
the Jovian magnetosphere by Io and its volcanoes resulting in the dust streams, 
the possibility of dusty plasma conditions exist. To study the possibility, I showed 
how to distinguish between dust-in-plasma and dusty-plasma and how the Havnes 
parameter P can be used to support or negate the possibility of collective behavior 
of the dusty plasma. 

The result of applying these tools to the Jovian dust streams reveals mostly dust- 
in-plasma behavior. In the orbits displaying the highest dust stream fluxes, portions 
of orbits E4, G7, G8, C21 satisfy the minimum requirements for a dusty plasma. 
However, the P parameter demonstrates that these mild dusty plasma conditions do 
not lead to collective behavior of the dust stream particles. This result might be a 
relief to the modelers who have treated the Jovian dust stream particles as isolated 
particles in their charging and dynamics calculations during the last decade. Or 
this result might motivate dust researchers who yearn for collective dusty plasma 
conditions to look elsewhere in the solar system for their natural laboratories. 

These other natural dusty plasma laboratories are conveniently under study now or 
soon to be studied by other spacecraft. One natural laboratory, the Saturn ring sys- 
tem (with its spokes), has been the prime motivator for dusty plasma studies since 
the time of the Voyager spacecraft twenty years ago. The Cassini spacecraft in orbit 
around Saturn since 2004 is well-placed to continue those dusty plasma studies. Not 
only are the spokes today still the topic of PhD theses, but the active moon Ence- 
ladus is providing new dust puzzles. In addition, comet missions such as Stardust in 
its flyby of comet 8 IP/Wild 2, and Rosetta, on its way to comet 67P/Churyumov- 
Gerasimenko, provide the instruments and the dusty plasma source (comets) in 
which to study the complex interplay between dust and plasma. 

Lest we not forget about Io, the most active volcanic dust source in the solar system, 
the archived Galileo data can give information for Jupiter's magnetic field activity 
at the same time it can trace the activity of Io's volcanoes. This information might 
give new views for how the mass-loading from Io influences the Jupiter environ- 
ment. In future work, I would like to incorporate real-time plasma and magnetic 
field data with higher resolution DDS dust fluxes in order to continue to understand 
the Jovian dust streams and the Jupiter plasma and magnetosphere. 

Software 

A spreadsheet that follows the calculations of this paper can be found at: 
http://www.mpi-hd.mpg.de/dustgroup/ ^graps/dustyplasma/ . 
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Table 1 

Jupiter Plasma Representative Numbers 



Location 




Ti 


n e 




avim 


nii 




CRj) 


(eV) 


(eV) 


(m- 


" 3 ) 


(a.m.u.) 


(kg) 




6.2 


4.9 


60 


1.3 


x 10 9 


22.5 


3.7 x 10" 


-ZD 


8 


5.4 


60 


1.6 


x 10 s 


19.6 


3.2 x 10" 


-26 


10 


22.5 


100 


2.3 


x 10 7 


17.1 


2.8 x 10" 


-26 


15 


22.0 


120 


3.6 


x 10 6 


15.6 


3.7 x 10" 


-26 


20 


22.0 


120 


1.3 


x 10 6 


15.6 


2.6 x 10" 


-26 


30 


22.0 


120 


1.0 x 10 6 


15.6 


2.6 x 10" 


-26 



Rj: distance from the center of Jupiter = 71398 km 

T e : electron temperature, Tf. ion temperature 

n e : electron number density, avim: average ion mass, vrii. ion mass 



Table 2 

Jupiter Plasma Single Particle Motions Part I 



Location 


a 




\Qd\ 




(Vi) 


(Ve) 


(v d ) 


(Rj) 


(m) 




(C) 




(m-s- 1 ) 


(m-s- 1 ) 


(m-s" 1 ) 


6.2 


1.2 > 


: 10" 8 


7.3 x 10" 


-18 


2.3 x 10 4 


1.3 x 10 6 


5.2 x 10 4 


8 


1.2 > 


: 10- 8 


3.3 x 10" 


-18 


2.4 x 10 4 


1.4 x 10 6 


1.2 x 10 5 


10 


1.8 > 


: 10- 8 


9.1 x 10" 


-18 


3.4 x 10 4 


2.8 x 10 6 


9.9 x 10 4 


15 


2.4 x 10~ 8 


1.5 x 10" 


-17 


3.8 x 10 4 


2.8 x 10 6 


8.2 x 10 4 


20 


2.4 x 10~ 8 


1.5 x 10" 


-17 


3.8 x 10 4 


2.8 x 10 6 


9.1 x 10 4 


30 


2.7 x 10~ 8 


2.0 x 10" 


-17 


3.8 x 10 4 


2.8 x 10 6 


1.1 x 10 5 



Table 3 

Jupiter Plasma Single Particle Motions Part II 



Location 












Rgi 


Rge 


Rgd 


CRj) 


(sec^ 1 ) 


(sec^ 1 ) 


(sec - 


l ) 




(m) 


(m) 


(m) 


6.2 


7.5 


3.1 x 10 5 


1.2 x 10" 


-3 


3.0 x 10 3 


4.2 


4.4 x 10 7 


8 


4.0 


1.4 x 10 5 


2.5 x 10" 


-4 


6.0 x 10 3 


9.6 


4.7 x 10 s 


10 


2.4 


7.4 x 10 4 


1.0 x 


10 


-4 


1.4 x 10 4 


3.8 x 10 1 


9.6 x 10 8 


15 


7.7 x 10" 1 


2.2 x 10 4 


2.1 x 


10" 


-5 


5.0 x 10 4 


1.3 x 10 2 


3.9 x 10 9 


20 


3.2 x 10" 1 


9.2 x 10 3 


9.3 x 


10" 


-6 


1.2 x 10 5 


3.0 x 10 2 


9.8 x 10 9 


30 


9.6 x 10" 2 


2.7 x 10 3 


2.5 x 


10" 


-6 


4.0 x 10 5 


1.0 x 10 3 


4.6 x 10 10 
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Table 4 



Jupiter Plasma Debye Lengths and Frequencies 



Location 


Ad 














CRj) 


(m) 


(s- 1 ) 






(s- 1 ) 






6.2 


4.5 x 10" 1 


2.0 x 10 6 


7.4 


x 10" 


" 4 -7.4 


x 10" 


- 1 


8 


1.4 


7.0 x 10 5 


3.3 


x 10" 


" 4 -3.3 


x 10" 


-7 


10 


7.3 


2.7 x 10 5 


5.0 


x 10" 


" 4 -5.0 


x 10" 


-7 


15 


1.8 x 10 1 


1.1 x 10 5 


5.2 


x 10" 


- 4 -5.2 


x 10" 


-7 


20 


3.0 x 10 1 


6.4 x 10 4 


5.5 


x 10 


- 4 -5.5 


x 10" 


-7 


30 


3.5 x 10 1 


5.6 x 10 4 


6.0 x 10" 


4 - 6.0 x 10- 


-7 



Table 5 

Checking Interparticle Distance d for Selected Galileo Orbits 



r 


E4 


G7 


G8 


Ell 


E15 


C21 


G28 


(Rj) 


d(m) 


d(m) 


d(m) 


d(m) 


d(m) 


d(m) 


d(m) 


6.2 


1.2 x 10 2 


8.0 x 10 1 


5.6 x 10 1 


1.6 x 10 2 


1.2 x 10 2 


4.7 x 10 1 


1.2 x 10 2 


8 


5.8 x 10 3 


1.0 x 10 2 


7.3 x 10 1 


2.1 x 10 2 


1.6 x 10 2 


5.8 x 10 1 


1.6 x 10 2 


10 


4.6 x 10 3 


7.9 x 10 1 


7.9 x 10 1 


1.7 x 10 2 


1.3 x 10 2 


2.7 x 10 1 


1.5 x 10 2 


15 


3.4 x 10 2 


2.2 x 10 1 


3.4 x 10 1 


7.4 x 10 1 


2.9 x 10 1 


8.0* 


1.6 x 10 2 


20 


1.8 x 10 2 


2.1 x 10 1 * 


2.6 x 10 1 * 


4.5 x 10 1 


4.5 x 10 1 


7.1 * 


1.7 x 10 2 


30 


3.1 x 10 1 * 


8.3 x 10 1 


3.1 x 10 1 * 


7.2 x 10 1 


9.6 x 10 1 


2.8 x 10 1 * 


2.2 x 10 2 



Table 6 



Checking Havnes Parameter P for Selected Galileo Orbits 



r 

(Rj) 


E4 
P 




G7 
P 




G8 
P 




Ell 

P 




E15 

p 




C21 
P 




G28 
P 




6.2 


1.8x10" 


-14 


6.0x10" 


-14 


1.8x10" 


-13 


7.2x10" 


-15 


1.8x10" 


-14 


3.0x10" 


-13 


1.8x10" 


-14 


8 


1.5x10" 


-15 


2.5x10" 


-13 


7.4x10" 


-13 


3.0x10" 


-14 


7.4x10" 


-14 


1.5x10" 


-12 


7.4x10" 


-14 


10 


1.2x10" 


-13 


2.4x10" 


11 


2.4x10" 


-11 


2.4x10" 


-12 


6.1x10" 


-12 


6.1x10" 


-10 


3.7x10" 


-12 


15 


2.5x10" 


-9 


1.0x10" 


-8 


2.5x10" 


-9 


2.5x10" 


-10 


4.4x10" 


-9 


2.0x10" 


-7 


2.5x10" 


-11 


20 


4.9x10" 


-8 


3.1x10" 


-8 


1.5x10" 


-8 


3.1x10" 


-9 


3.1x10" 


-9 


7.7x10" 


-7 


6.2x10" 


-11 


30 


1.4x10" 


-8 


7.2x10" 


-10 


1.4x10" 


-8 


1.1x10" 


-9 


4.7x10" 


-10 


1.8x10" 


-8 


3.6x10" 


-11 
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Table 7 

Checking If k Changes With for Selected Galileo Orbits 



r 


(1 


E4 


G7 


G8 


Ell 


E15 


C21 


G28 






K 


K 


K 


K 


K 


K 


K 


6.2 


45 


54 


36 


25 


73 


54 


21 


54 


8 


20 


4200 


77 


53 


160 


110 


42 


110 


10 


57 


640 


11 


11 


24 


17 


3.8 


21 


15 


91 


19 


1.2 


1.9 


4.0 


1.6 


0.43 * 


8.7 


20 


96 


5.9 


0.69 * 


0.87 * 


1.5 


1.5 


0.24 * 


5.5 


30 


120 


0.80* 


2.2 


0.80* 


1.9 


2.5 


0.74 * 


5.9 
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Figure Caption 

Useful parameters from a simulation of of dust stream particles at 15 hours after 
release from a radius 6.2 _Rj ring. Top) Charge potential (in V), Middle) Particle 
size (in nm), and Bottom) Speed versus radius from the center of Jupiter in units 
of Jupiter radius (distance Rj= 71492 km). The (top) charge potential panel illus- 
trates the positive charging of the dus t especially ne ar the plasma torus due to the 



secondary electron emission current (Horanvi et al 



r tne p 
19971). 



1997). The middle panel il- 



lustra t es the window of ejection sizes dHoranvi and Cravens 



2002; 



Graps . 



1996; 



Krivov et al 



20011) . where particles smaller than a particular size gyrate along 



Jupiter's magnetic field lines and never escape, while particles larger than a par- 
ticular size are dominated by gravitational forces and unable to escape. The dearth 
of particle sizes in the middle of the panel are those whose sizes were favorable to 
ejection from the magneto sphere. The speeds seen in the bottom panel demonstrate 
that most of the fastest particles particles (> 400 kms -1 ) escaped quickly, a few 
larger particles (> 20nm), still escaping can be seen scattered in speed in the mid- 
dle of the figure. The rest of the particles are bound, one population, seen along a 
steep speed gradient from about 300 km s _1 down to 80 km s _1 , are those that are 
dominated by Lorentz forces, while the others, along the bottom of the figure that 
show a gentle speed gradient, are dominated by gravitational forces. 



Jovian Dust Streams Ring Release at 15 hours 
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